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Research Paper 

Concept design of a greenhouse cooling system using multi-stage 
nanofiltration for liquid desiccant regeneration 

P. Pasqualin , P.A. Davies * 

School of Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK   

A R T I C L E  I N F O   
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A B S T R A C T   

Liquid desiccant air conditioning (LDAC) has been proposed for greenhouse cooling. LDAC achieves lower 
temperatures than conventional evaporative cooling while also allowing closed air recirculation which has ad-
vantages over open ventilation. However, liquid desiccant regeneration is challenging and energy intensive. A 
novel multi-stage nanofiltration (NF) system is proposed as a regeneration method to enable both greenhouse 
cooling and irrigation in a closed water cycle. This concept study shows that, during winter and summer 
respectively, a 9-stage NF regenerator recovers 4.8 and 6.6 L of water per day per m2 of greenhouse floor area. 
Using commercial NF membranes with burst pressures of ~ 40 bar, a 9-stage regenerator using CaCl2 could 
achieve a yearly COP of ~ 12.4 and monthly greenhouse temperatures below 32 ◦C, almost independent of 
location. This improves greatly on LDAC using open evaporative regenerators, which only provides a COP of 
0.3–0.5. Future research allowing NF membranes to operate with burst pressures of 55 bar could achieve the 
same COP by using just a 4-stage regenerator, making the system less expensive and more compact. Perspectives 
on the proposed design and implementation are discussed. This study shows the potential of the multi-stage NF 
regenerator to cool greenhouses in hot climates where it is difficult to produce crops during summer.   

1. Introduction and motivation 

Greenhouses in hot climates often struggle to produce crops during 
summer because the temperature inside the greenhouse rises above the 
acceptable range for cultivation [1]. To enable cultivation year-round, 
cooling technologies are needed, but conventional cooling technolo-
gies such as vapour compression and evaporative cooling have signifi-
cant downsides. Vapour compression requires large amounts of energy 
and typically utilises refrigerants that contribute to global warming; and 
evaporative cooling is only suitable for locations with abundant supplies 
of water. Therefore, resource-efficient greenhouses are not yet available 
for hot climates with limited water availability [2]. To address this 
important gap, there is a need for improved thermal processes with low 
water demands. 

Liquid desiccant air conditioning (LDAC) has the potential to replace 
conventional cooling because it is more energy efficient and environ-
mentally friendly [3], and allows storage of the liquid desiccant (LD) for 
use when needed [4]. Another advantage is that LDAC provides simul-
taneous cooling and dehumidification. 

Dehumidification is especially important for greenhouses, where 

crops continually release water vapour by transpiration [5]. Because of 
transpiration, the cooling system must remove large amounts of vapour, 
especially when operated in closed recirculation. Closed air recircula-
tion has several advantages over open ventilation, usually resulting in 
higher quality and yield of crop [6]. Moreover, it allows CO2 enrichment 
without loss of CO2 to the surroundings; and it protects against insects 
and pests [6]. Closed operation can also decrease energy and water 
demands [6]. Therefore, closed air recirculation is preferred in this 
study. 

For effective absorption of vapour using LDAC, high LD concentra-
tions should be used [7,8]. The absorbed moisture must be removed 
from the LD in a process called regeneration [9]. LDAC presents several 
challenges, but the high energy requirement of regeneration is the most 
critical [10]. Some early studies focused on open evaporative re-
generators, but this is an energy-intensive and inefficient approach [11]. 
For example, one study found that open evaporative regenerators would 
occupy an area up to four times the floor area of the greenhouse [12]. 
Therefore, there is a need for more efficient and compact LD 
regeneration. 

Membrane-based desalination technologies have been proposed as 
alternative LD regenerators. These technologies include membrane 
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distillation [13–17], reverse osmosis [18] and electrodialysis [19–23]. 
In general, membrane-based desalination technologies can be pressure- 
driven (such as reverse osmosis and nanofiltration) or thermally-driven 
(such as membrane distillation). Several studies found that pressure- 
driven are more efficient than thermally-driven membrane processes 
for seawater and brackish water desalination [24–26]. Therefore, it is 
reasonable to expect that pressure-driven membrane processes may also 
be more efficient for LD regeneration [27]. So far, however, the high 
concentrations of the LD have prevented the use of pressure-driven 
membrane processes for this purpose because the membrane burst 
pressure would be exceeded. 

A possible solution is multi-stage nanofiltration (NF) systems. These 
systems are gaining interest as an energy-efficient membrane process for 
highly concentrated feeds. In contrast to reverse osmosis (RO), NF 
membranes can operate with a total osmotic pressure difference higher 
than the burst pressure of a single membrane. This is because NF 
membranes have lower rejections than commercial RO membranes (the 

rejection of which is about 98 % [28,29]), allowing NF membranes to 
gradually decrease the concentration of the LD via several stages. As a 
result, the total osmotic pressure is divided among the stages, thus 
allowing the osmotic pressure difference across each membrane to be 
lower than its burst pressure. 

Though not yet used in LDAC, multi-stage NF systems have been 
investigated numerically for concentration of seawater. For example, 
Altaee and Sharif [30] modelled a 2–stage NF system and predicted 
permeate qualities of 0.254 and 0.359 g/L when treating seawater with 
concentrations of 35 and 43 g/L, respectively. More recently, Wang et al. 
[31] modelled a multi-stage NF system able to obtain highly concen-
trated brines suitable for crystallisation applications in zero liquid 
discharge systems. These authors studied a 3-stage system (consisting of 
an initial RO stage, followed by 2 NF stages and then an energy recovery 
device) which concentrated seawater feed at 60 g/L to give a brine at 
233.3 g/L. They predicted a specific energy consumption (SEC) of 15.74 
kWhel/m3 (electrical input per m3 of water produced). They also 

Nomenclature11 

ERD Energy recovery device 
LD Liquid desiccant 
LDAC Liquid desiccant air conditioning 
NF Nanofiltration 
PV Photovoltaic 
RO Reverse osmosis 

Parameters 
A Area [m2] 
C Concentration [g/L] {g/dm3} 
COP Coefficient of performance [-] 
cp Heat capacity [kJ/(kg K)] 
ET Crop transpiration rate [kg/s] 
h Heat loss coefficient [kW/(m2 K)] 
I Solar radiation [kW/m2] 
kc Crop coefficient [-] 
LAI Leaf area index [m2/ m2] 
M Molar mass [g/mol] 
ṁ Mass flow [kg/s] 
P Electric power [kW] 
Pvap Vapour pressure [kPa] 
Q̇ Exchanged heat [kW] 
r Rejection [-] 
ra Aerodynamic external resistance [s/m] 
rc Internal resistance of the canopy [s/m] 
R Universal gas constant [(L bar)/(K mol)] {(dm3 MPa)/(10 

K mol)} 
RH Relative humidity [%] 
Rn Radiation above the canopy [kJ/(m2 h)] 
rR Radiative resistance [s/m] 
SEC Specific energy consumption [kWhel/m3] {3.6 MJel/m3} 
T Temperature [◦C] or [K] 
U Speed [m/s] 
V’ Inverse of the pure water molarity [L/mol] {dm3/mol} 
V̇ Flowrate [L/h] {dm3/(60 s)} 
VPD Vapour pressure deficit of the air [kPa] 
WSP Specific work [kJ/kg] 
wt Weight concentration [wt.%] 
x Mass fraction [–] 

Greek letters 
α Absorbance of greenhouse floor with crop [–] 
αw water activity [–] 

β Fraction of roof area covered by PV collectors [–] 
Δ Slope of the saturation vapour pressure curve [kPa/K] 
ΔP Applied pressure [bar] {MPa/10} 
ΔΠ Osmotic pressure difference [bar] {MPa/10} 
εevap Effectiveness of the evaporative cooling pad [–] 
η Efficiency [–] 
λ Latent heat of evaporation [kJ/kg] 
σS− B Constant of Stefan–Boltzmann [W/(m2 K4)] 
τ Roof transmittance [–] 
ρ Density [kg/m3] 
ω Humidity ratio [gv/kga] 

Subscripts 
Air Air 
amb Ambient 
b Brine 
c Crop 
CaCl2 Calcium chloride 
cool Cooled air leaving the dehumidifier 
d Dried air 
end Exit from the multi-stage regenerator 
ERD Energy recovery device 
f Feed 
gh Greenhouse 
K Kelvin degree 
LD Liquid desiccant 
NF Multi-stage NF regenerator 
out End of the greenhouse 
p Permeate 
pump Pump 
pv Photovoltaic 
s Surface 
system System 
v Moisture 

Superscripts 
amb Ambient 
deh Dehumidifier 
in Inlet of the dehumidifier 
out Outlet from the dehumidifier 

Energy and power units 
kWhel Electric energy consumption [kWh] {3.6 MJ} 
kWel Electric power consumption [kW]  
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modelled a similar 4-stage system and predicted a SEC of 7.98 kWhel/ 
m3, thus showing that SEC tended to decrease as more stages were 
added. These values of SEC are significantly lower than those expected 
in conventional mechanical vapour compression (MVC) desalination 
systems where SEC is expected to be in the range of 20–25 kWhel/m3 

[32]. 
Although NF has not yet been experimentally investigated for the 

regeneration of highly concentrated LDs, it has been investigated using 
similar LD compounds at lower concentrations. Compounds considered 
as LDs include chlorides of magnesium, calcium and lithium. Thus, 
Afonso and de Pinho [33] investigated the transport of magnesium 
chloride (MgCl2) across an amphoteric NF membrane and reported re-
jections in the range of 10–30 % using concentrations up to 1.05 wt%. 
Moreover, Murthy and Chaudhari [34] investigated the rejection by the 
NF-300 (fabricated by Applexion) membrane with solutions including 
calcium chloride (CaCl2) and MgCl2 at concentrations up to 1 wt%. The 
results showed that CaCl2 rejection was between 70 and 80 %, while 
MgCl2 rejection was between 80 and 90 %. Another study investigated 
the possibility of recovering lithium from brines using composite NF 
membranes with positively charged skin layers [35]. Rejections for Li, 
Mg and Cl were in the ranges of 0–40 %, 60–90 % and 60–90 %, 
respectively. The study also reported average lithium chloride (LiCl) and 
MgCl2 rejections of 70 and 83 %, respectively, for LD concentrations of 
0.2 wt%. 

The above three studies showed that NF partially rejected LiCl, CaCl2 
and MgCl2 which is the requirement for a multi-stage regeneration 
process. However, the concentrations were too low for LDAC applica-
tions [27]. It should be noted that, though lithium salts like LiCl and 
lithium bromide (LiBr) are often considered the best LD as they can 
absorb large amounts of moisture [36], they are also very toxic [37,38]. 
For this reason, this study prefers CaCl2 as it has good dehumidification 
performance and is much less toxic [39]. 

The aim of this study is to propose and analyse a concept of a closed 
air recirculation greenhouse cooled by LDAC using a multi-stage NF 
regenerator. Whereas previous studies considered LDAC for greenhouses 
using less efficient means of regeneration [1,12,40,41], this study is 
novel in that it assesses the potential of the multi-stage NF regeneration 
to provide a compact and efficient solution. 

The main location investigated in this study is Mecca (Saudi Arabia) 
with the Red Sea being the heat sink of the system. In total, three types of 
climates are considered – hot and humid (Mecca), hot and arid (Tim-
buktu), semi-hot and semi-arid (Cairo). Realistic climatic data for Mecca, 

Timbuktu and Cairo were taken from TRNSYS@ software. For consis-
tency, the same sink temperature is considered for all climates even 
though Timbuktu and Cairo are not near the Red Sea, as the aim of this 
study is to compare different climates and not the specific cities. 

The structure of this paper is as follows: first, the concept design of 
the closed air recirculation greenhouse coupled with a multi-stage NF 
regenerator is explained. Next, equations are provided to model the 
regenerator and to calculate the greenhouse temperature and relative 
humidity. Then, the greenhouse temperature results are plotted for 
different operating conditions and locations, showing the improvement 
relative to conventional greenhouse cooling methods. The monthly COP 
of the system and the monthly power requirement of the regenerator are 
also presented. The main design parameters are varied to give a better 
understanding of the system. Finally, the results and future improve-
ments of the proposed multi-stage NF regenerator are discussed. 

2. Concept 

The design of the closed recirculation LDAC greenhouse is shown in 
Fig. 1. Unlike in the open ventilated greenhouse proposed earlier 
[1,41,42], the evaporative cooling pad is no longer used for three rea-
sons. Firstly, evaporative cooling requires large amounts of water 
[9,43], which might be unavailable in many locations of interest. Sec-
ondly, closed recirculation can attain low indoor temperatures without 
the need of an evaporative cooling pad. Thirdly, an evaporative cooling 
pad would risk increasing the RH above 90 %, which is the maximum 
recommended for greenhouse crops [5]. Without the evaporative cool-
ing pad, however, there is a risk of overheating at the early stages of 
cultivation when the crops are small and transpire less – such that the RH 
may decrease below 70 % which is the minimum recommended for 
typical crops [5]. Since transpiration assists cooling by converting sen-
sible into latent heat, such decreased transpiration could lead to tem-
peratures above 32 ◦C which is the maximum recommended for typical 
crops. Nonetheless, this risk could be addressed by using additional 
shading during early-stage cultivation, or by using misting to enhance 
cooling, such that evaporative cooling pads are avoided. 

The dehumidifier can be a wetted pad (similar in construction to an 
evaporative cooling pad), with LD flowing over it, absorbing moisture 
and heat from the incoming air. The cooled and dehumidified air is then 
sent to the crops. Inside the greenhouse, the air temperature and the 
absolute humidity increase. The temperature increases due to the solar 
radiation and heat transferred through the cladding, while the absolute 
humidity increases due to crop transpiration. The hot and humid air 
leaving the crops is recirculated to the input of the dehumidifier. 

As the LD passes through the dehumidifier, its temperature increases. 
The LD can be cooled using seawater from the Red Sea near Mecca which 
has a maximum temperature of 30 ◦C during the year, meaning it is 

Fig. 1. Schematic of a greenhouse operating in closed air recirculation which regenerates the liquid desiccant (LD) using a multi-stage nanofiltration regenerator. 
The solar panels are assumed to be uniformly distributed on top of the greenhouse. The greenhouse absorbs heat from the air entering the dehumidifier and rejects 
this heat to the sea (assumed with a temperature (T) equal to 30 ◦C) through a liquid-to-liquid heat exchanger (HE). The names of the LD parameters are explained in 
Appendix B, while the other parameters are explained in section 3. 

1 Units in brackets are used in this study while units in braces are the 
equivalent SI units. Litres, bars, and hours are commonly used in membrane 
applications. 
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possible to cool the LD to 30 ◦C year-round. 
As the LD absorbs moisture from the air, it becomes diluted and 

needs to be regenerated. Fig. 2 shows the proposed NF regenerator 
consisting of multiple membrane stages. The first stage receives as input 
LD from the dehumidifier. Every stage has two outputs, i.e., the 
permeate (which is more diluted than the feed) and the brine (which is 
more concentrated than the feed). Every stage has a specific rejection (r) 
which is in the range of 10–50 % for commercial NF membranes 
[4,44–48]. Therefore, the permeate from each stage contains a certain 
amount of LD. Due to the high concentration of the LD, as required for 
efficient dehumidification, the osmotic pressure difference is higher 
than the burst pressure of the membrane. Therefore, membranes with 
high rejection cannot produce any permeate. For this reason, the first NF 
membrane must have a low rejection. The input LD entering the 
following stage is less concentrated, and thus, the rejection can be higher 
than in the previous stage. The NF membranes should be arranged with 
increasing rejections until the permeate is sufficiently diluted to operate 
with nearly 100 % rejection (RO membrane). The brine of the first stage 
is the regenerated LD, while the brine of each subsequent stage must be 
recirculated to the input of the respective upstream stage to avoid 
desiccant losses. The final stage is a RO membrane which produces pure 
water; its flowrate should be equal to the moisture that the LD absorbed 
in the dehumidifier. Therefore, the NF rejections should also be adjusted 
based on the absorbed moisture. Moreover, the permeate from the multi- 
stage system may be used for irrigation, thus closing the water cycle by 
returning the transpired water to the crops. 

The multi-stage regenerator requires power for the pump upstream 
of each stage. The power requirement is approximately proportional to 
the number of stages, but not exactly. Due to the high osmotic pressure 
difference, a small number of stages may not be able to regenerate 
concentrated LDs. Many stages can regenerate highly concentrated LDs, 
but if there are too many stages, the power requirement increases with 
little benefit. Therefore, an optimal number of stages must exist that 
minimises the power requirement for a given LD concentration. As a 
rule, the rejections of the NF membranes should be as high as possible 
based on the concentration of the feed but should also be chosen based 
on the target moisture removal rate. 

The power requirement can be decreased by using an energy re-
covery device (ERD) to capture the high pressure of the outlet brine and 
transfer its energy to the input feed, thus avoiding wastage of this energy 
[49]. The proposed system has PV collectors on top of the greenhouse to 
generate electricity to power the multi-stage regenerator. The PV panels 
also provide shading which reduces the heat load entering the green-
house. However, the shading factor should not be too high, otherwise 
photosynthesis would be slowed down. 

3. Modelling 

The model of the system includes: the multi-stage NF regenerator, 
the dehumidifier, and the greenhouse. The modelling of the NF regen-
erator is developed first at the level of a single membrane stage, then at 
the level of the multi-stage system by considering mass and flow bal-
ances among the stages. Following the approach of Wang et al. [31], this 
study assumes that the pressure applied to each membrane equals the 
osmotic pressure difference across it. However, unlike in Wang et al., the 
osmotic pressure difference is calculated using the Gibbs energy and not 
the Van’t Hoff equation which is an approximation valid only for dilute 
solutions. Since the LD must be highly concentrated in LDAC applica-
tions, such an approximation would be invalid for this study. Also, in 
contrast to Wang et al., the proposed design uses the RO membrane in 
the last rather than the first stage. Due to the high concentration of the 
LD, a RO membrane in the first stage would not produce any permeate 
since the osmotic pressure difference would be higher than the applied 
pressure. Therefore, a low rejection NF membrane is required at the first 
stage of the multi-stage system, with gradually increasing rejections in 
subsequent stages. 

Then, a dehumidifier model is used to calculate the output conditions 
of the air and the LD passing through the dehumidifier. This model is 
based on the vapour pressure difference which is the driving force of the 
absorption rate. The dehumidifier is modelled using an iterative method 
which calculates how much moisture must be absorbed by the LD to 
equilibrate the vapour pressures, while also accounting for energy bal-
ance. The modelling of the dehumidifier is presented in detail in Ap-
pendix B. Finally, the greenhouse is modelled by accounting for the solar 
radiation, the effect of the ambient conditions and the crop 
transpiration. 

The three models, though not validated directly in this study, have 
been validated elsewhere. The multi-stage NF regenerator is based on 
the seminal work of Wang et al. [31] and is based on mass and flow 
conservation equations and thermodynamic principles. We have devel-
oped this work further, by adding the Gibbs energy equation to calculate 
the osmotic pressure more accurately at high concentrations. The 
greenhouse model is similar to Davies’ model [1] which was experi-
mentally validated by Abu-Hamdeh and Almitani [41] who investigated 
a 300 m2 in Saudi Arabia and found errors < 6 % using air mass flows of 
3–30 kg/s. Our greenhouse model also includes a refinement in the 
calculation of crop transpiration, by making use of the model of Stan-
ghellini [50]. Although there are different models of crop transpiration, 
comparative experimental studies found the Stanghellini model to be the 

Fig. 2. Schematic of a N-stage nanofiltration 
(NF) regenerator. The diluted liquid desic-
cant (LD) enters the system while the outputs 
are the regenerated LD and the permeate. 
The system is composed of N-1 NF mem-
branes with rejections ri, where “i” indicates 
the positioning number of the membrane. 
The last membrane is a reverse osmosis (RO) 
with a rejection of ~ 100%. The NF mem-
branes have rejections in the range of 
10–50%. The system includes an energy re-

covery device (ERD) that decreases the energy consumption of the system. A pump is placed before every membrane which pressurises the feed to the desired 
pressure. In industrial applications, NF membranes operate at ~ 40 bar while RO membranes at ~ 70 bar.   

Fig. 3. Schematic of a generic membrane. The “V̇” values represent flowrates 
[L/h], “C” concentrations [g/L] and “r” the rejection of the membrane [–]. The 
subscript letter “f” represents the feed, “b” represents the brine and “p” the 
permeate of the membrane. 
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most accurate for use in greenhouses [51,52]. 

3.1. Modelling of the multi-stage regenerator 

A schematic of a generic membrane with the input and outputs is 
shown in Fig. 3. Each membrane must satisfy the flow and mass con-
servation equations and the equation of the rejection (r). Regarding the 
flow conservation, the feed flowrate entering a membrane (V̇f) [L/h] 
must be equal to the sum of the output flowrates of the brine (V̇b) [L/h] 
and the permeate (V̇p) [L/h], as described in Eq. (1). 

V̇ f = V̇b + V̇p (1) 

Regarding the mass conservation, the product of the feed concen-
tration (Cf) [g/L] and feed flowrate must be equal to the product of the 
brine concentration (Cb) [g/L] and brine flowrate plus the product of the 
permeate concentration (Cp) [g/L] and permeate flowrate, as described 
in Eq. (2). 

V̇ fCf = V̇bCb + V̇pCp (2) 

Lastly, the rejection (r) [–] is defined as: 

r = 1 −
Cp

Cf
(3) 

The osmotic pressure difference (ΔΠ) based on Gibbs energy [bar] 
can be calculated as (adapted from [53]): 

ΔΠ =
TKR

[
ln(αw,p) − ln(αw,b)

]

V’
(4)  

where ΔΠ is assumed equal to is the applied pressure (ΔP) [bar], R =

0.0832 L bar/(K mol) is the universal gas constant, TK is the temperature 
[K], V’ = 0.018 L/mol is the inverse of the pure water molarity, αw,p and 
αw,b are the water activities of the permeate and brine [–], respectively. 
The water activity depends on the concentration of the LD. Conde et al. 
[54] reported the water activity (αw) of CaCl2 for various concentrations; 
these data were used to create a polynomial fit of the water activity as 
function of concentration: 

αw,CaCl2 = 26.96x4 − 19.23x3 + 0.6232x2 − 0.4079x+ 1 (5)  

where x is the CaCl2 mass fraction per mass of solution [–]. The outputs 
of a membrane can be calculated by rearranging Eq. (1), (2), (3) and (4). 
The concentration of the permeate of the membrane can thus be 
calculated as: 

Cp = Cf(1 − r) (6) 

The water activity of the brine can be calculated as: 

αw,b = exp
[

ln
(
αw,p

)
−

ΔP × V’
TKR

]

(7)  

where the concentration of the brine (wtb) [wt.%] can be calculated using 
Eq. (5) as: 

wtb = − 498αw,b
4 + 1091αw,b

3 − 853.6αw,b
2 + 236αw,b + 25.46 (8)  

wtb is converted to Cb [g/L] using the following equation: 

Cb =

wtb
102 − wtb

10− 3 +
wtb/ρCaCl2
102 − wtb

(9)  

where ρCaCl2 is the density of pure CaCl2 equal to 2150 kg/m3. The 
output flowrates of the membrane are calculated by rearranging Eqs. (1) 
and (2), thus: 

V̇b = V̇ f
Cf − Cp

Cb − Cp
(10)  

V̇p = V̇ f − V̇b (11) 

In a multi-stage NF system, the inputs and outputs of the membranes 
are related to each other. For a N-stage system composed of N-1 NF 
membranes and a last RO membrane, the feed flowrate of the jth NF 
membrane (V̇f,j) [L/h] is equal to the sum of the permeate flowrate of the 
previous membrane (V̇p,j− 1) [L/h] and the brine flowrate of the next 
membrane (V̇b,j+1) [L/h], as described by Eq. (12). For an N-stage sys-
tem, j is between 1 and N-1. 

V̇ f,j = V̇p,j− 1 + V̇b,j+1 (12) 

Similarly, the feed concentration of the jth NF membrane (Cf,j) [g/L] 
is given by: 

Cf,j =
V̇p,j− 1Cp,j− 1 + V̇b,j+1Cb,j+1

V̇ f,j
(13) 

Since there is no brine recirculation in the last RO membrane (j = N), 
the feed flowrate (V̇f,N) [L/h] and concentration (Cf,N) [g/L] at the RO 
membrane are given by: 

V̇ f,N = V̇p,N− 1 (14)  

Cf,N =
V̇p,N− 1Cp,N− 1

V̇ f,N
(15) 

The electric power requirement of the N-stage NF system (Psystem) 
[kW] is given by the sum of the power requirements of the pumps 
(Ppump,j) [kW] preceding each membrane (j is between 1 and N). The 
power consumption of each pump is calculated as: 

Ppump,j =
ΔP × V̇p,j− 1

36 × 103ηpump
(16)  

where Ppump,j is the power requirement of the pump before the jth 

membrane [kW],V̇p,N− 1 is the fluid flowrate [L/h] entering the pump 
before the jth membrane. For the first membrane (j = 1), V̇p,0 is equal to 
V̇f,1. ηpump is the standard overall efficiency of the pump, assumed equal 
to 0.85 based on manufacturer datasheets [55]. ΔP is set to 40 bar for the 
NF membrane [44–47] and 70 bar for the RO membrane [24]. An ERD 
can be used to save energy (PERD) [kW] that would be wasted otherwise, 
calculated as: 

PERD =
ΔP × V̇b,1ηERD

36 × 103 (17)  

where ηERD is the efficiency of the ERD, assumed equal to 0.9. Therefore, 
Psystem is calculated as: 

Psystem =
∑N

j=1
Ppump,j − PERD (18) 

The specific work of the multi-stage NF regenerator (WSP) [kJ/kg] is 
given by dividing Psystem with the permeate flowrate of the last stage 
(V̇p,end) [L/h]: 

WSP = 3600
Psystem

V̇p,end
(19) 

For the main case study (LD mass flow of 20 kg/s, LD concentration 
of 15 wt% and LD temperature of 30 ◦C), it was found that the specific 
work of the multi-stage NF regenerator is 309.6 kJ/kg. 

Due to the brine recirculation, the above equations initially indicate 
time-varying feed flowrates at each stage, which converge to steady 
values after a certain simulation time. Since a high number of stages is 
required for concentrated LDs, the system is complex and can be solved 
using software, such as MATLAB-Simulink®. For instance, CaCl2 with a 
concentration of 15 wt% requires at least 9 stages. This concentration 
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was used for the main case study because it allows the RH to remain in 
the optimal crop range of 70–90 %. 

3.2. Modelling of the greenhouse 

After the dehumidifier (explained in appendix B), the temperature in 
the greenhouse increases due to the solar radiation and the hot external 
conditions. The greenhouse temperature can be calculated using the 
heat balance equations provided by Davies [1]: 

Q̇gh = ṁAir cp,Air(Tout − Tcool)+ hAs(Tgh − Tamb)+ETcλ (20)  

Q̇gh = IAghτα(1 − β) (21)  

Tgh =
Tcool + Tout

2
(22) 

where Q̇gh is the exchanged heat in the greenhouse [kW], ṁAir is the 
air mass flow [kg/s], cp,Air is the air heat capacity [kJ/(kg K)], h is the 
heat loss coefficient [kW/(m2 K)], As is the greenhouse surface area 
[m2],I is the solar radiation [kW/m2], Agh is the greenhouse flour area 
[m2], τ is the roof transmittance [-], α is the absorbance of greenhouse 
floor with crop, β is the fraction of Agh covered by PV collectors [-], ETc is 
the crop transpiration rate [kg/s] and λ is the latent heat of evaporation 
[kJ/kg]. It is assumed that the temperature inside the greenhouse (Tgh) is 
equal to the average of the cool air sent to the crops (Tcool) and the air 
temperature at the end of the greenhouse (Tout).

The performance of the proposed closed recirculated LDAC system 
(closed: fan+dess) is compared with three conventional open ventilated 
cooling technologies: simple fan ventilation (fan), evaporative cooling 
using a fan to draw air through an evaporative cooling pad (fan+evap) 
and a system composed of a fan to draw air through a dehumidifier, a 
dehumidifier and an evaporative cooling pad (fan+evap+dess). For these 
four cooling technologies, Tcool is equal to:  

(a) fan: Tcool = Tamb  

(b) fan+evap: Tcool = Tamb − εevap
(
Tamb − Twb

amb)

(c) fan+evap+dess: Tcool = Tout
deh − εevap

(
Tout

deh − Twb
deh)

(d) closed: fan+dess: Tcool = Tout
deh 

where Twb
amb is the wet-bulb temperature of the ambient air, εevap is the 

effectiveness of the evaporative cooling pad, Tout
deh is the outlet air 

temperature from the dehumidifier and Twb
deh is the wet-bulb temper-

ature of the air leaving the dehumidifier. Tout
deh is calculated using Eqs. 

(B.1)-(B.14), as described in Appendix B. 
The temperature parameters in Eqs. (20)–(22) can be seen in Fig. 1 

for a better understanding. The combination of Eqs. (20)–(22), yields: 

Tgh =
IAghτα(1 − β) − ETcλ + 2ṁAircp,AirTcool + hAsTamb

2ṁAircp,Air + hAs
(23)  

Tout = 2Tgh − Tcool (24) 

Since the model assumes closed recirculation, it is necessary to 
calculate the humidity ratio (ω) increment resulting from the crop 
transpiration (ETc). ETc[kg/s] is calculated as [50]: 

ETc =
2kcLAI

λ

Δ×Rn
3600 +

(VPDρAircp,Air)
rR

Δ + 0.06735
(

1 + rc
ra

)Agh (25)  

where kc is the crop coefficient [–], LAI is the leaf area index [m2/m2], Δ 
is the slope of the saturation vapour pressure curve [kPa/K], Rn is the net 
radiation above the canopy [kJ/(m2 h)], VPD is the vapour pressure 
deficit of the air [kPa], ρAir is the density of the air [kg/m3], rR is the 
radiative resistance [s/m], rc is the internal resistance of the canopy [s/ 
m] and ra is the aerodynamic external resistance [s/m]. The equations to 
calculate these parameters are given in Appendix A. The humidity ratio 
at the exit of the greenhouse (ωout) [gv/kga] can be calculated as: 

ωout = 103ṁv,cool + ETc

ṁd,cool
(26)  

where ṁv,cool is the moisture mass flow at the exit of the dehumidifier 
[kg/s] and ṁd,cool is the mass flow of dried air at the exit of the dehu-
midifier [kg/s]2. Having calculated Tout and ωout, the air conditions at the 
end of the greenhouse are fully determined. This air is recirculated to the 
dehumidifier. 

Generally, the COP is calculated as the heating or cooling power 
output divided by the required input power [56]. In this case, the COP is 
calculated as the produced cooling power divided the electric power 
requirement of the multi-stage NF regenerator Psystem [kW]: 

COP =
Q̇gh

Psystem
(27)  

where Psystem is the electric power requirement of the multistage NF 
system[kW]. 

The multi-stage regenerator is assumed to be powered by PV col-
lectors with power output PPV [kW] given by: 

PPV = ηPVIβAgh (28)  

where ηPV is the efficiency of the PV collectors, assumed equal to 18 % 
based on commercial PV collectors [57]. The PPV values in the Results 
section are calculated using maximum solar radiations. Since the solar 
radiation varies based on time and climatic conditions, it is assumed that 
the PV collectors also include a solar battery storage. Thus, the multi-
stage NF regenerator absorbs the required power from the solar battery 
storage when the power is needed. 

Eqs. (20)–(27) are used in an iterative method to simulate the closed 
recirculation of the greenhouse. The model presented in this study is 
steady state, corresponding to 7 iterations as required for the conver-
gence of Tgh (percentage difference from the 6th iteration is 0.02 %). 

Due to their high thermal inertia, residential buildings usually 
require dynamic models for accurate predictions. For greenhouses, 
however, steady-state models are often sufficient as shown in previous 
studies. For example, Kittas et al. [42] investigated a commercial 
greenhouse with an evaporative cooling system and found good agree-
ment between their steady-state model and experimental results. The 
authors measured the temperature at the middle of the greenhouse with 
an error of 6 % compared to their model. They also measured the 

Table 1 
Values of constant parameters used for the greenhouse model, values with an “*” 
are taken from Davies [1].  

Parameter Value Unit Full name of parameter 

α 0.7*  Absorbance of greenhouse floor with crop 
β 0.5*  Fraction of roof area covered by PV 

collectors 
τ 0.8*  Roof transmittance 
h 0.0042* kW/(m2 

K) 
Heat loss coefficient 

Agh 250* m2 Floor area of the greenhouse 
As 450* m2 Surface area of the greenhouse 
ṁAir 20 kg/s Air mass flow 
cp,Air 1.013 kJ/(kg K) Heat capacity of the air 
LAI 0.8 m2/m2 Leaf area index 
kc 0.45  Crop coefficient 
ṁLD 20 kg/s Liquid desiccant mass flow 
ηPV 0.18  Efficiency of the photovoltaic collectors 
ηpump 0.85  Efficiency of the pump 
εevap 0.8  Effectiveness of the evaporator  

2 The sum of ṁv,cool and ṁd,cool is equal to ṁAir. 
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temperature at the end of the greenhouse with an error of 3 % compared 
to their model. More recently, Abu-Hamdeh and Almitani [41] experi-
mentally investigated a 300 m2 greenhouse and compared their results 
using the steady-state model of Davies’ study [1] (our paper is also based 
on Davies’ study). The authors measured the greenhouse temperature 

with air mass flows of 3–30 kg/s for a conventional evaporative cooling 
system and a desiccant cooling system and found the steady-state model 
to be accurate (error < 6 %). Steady-state models give reliable results for 
greenhouses because greenhouses have lighter structures and higher air 
changes than residential buildings, making thermal inertia less 

Table 2 
Maximum monthly solar radiations, maximum monthly ambient temperatures and average monthly ambient relative humidities for a) Mecca (hot and humid), b) 
Timbuktu (hot and arid) and c) Cairo (semi-hot and semi-arid) taken from TRNSYS® software.   

Maximum ambient temperature [◦C] 

a 34.7  35.15 39.05 41.2 44.75 45.45 46.35  44 43.9  41.4 37.3 34.85 
b 33.1  36.05 38.65 41.55 42.6 42.25 42.35  38.85 39.65  39.3 35.3 31.6 
c 22.4  25.65 31.15 36.5 37.5 38.65 39.15  35.9 36.3  33.15 28.5 23.95  

Maximum solar radiation [kW/m2] 

a 0.820  0.953 1.004 1.039 1.053 1.057 1.054  1.027 1.012  0.993 0.890 0.787 
b 0.843  0.940 0.995 1.000 0.997 0.970 0.973  0.976 0.968  0.933 0.866 0.820 
c 0.658  0.786 0.909 0.976 0.988 1.010 0.989  0.951 0.906  0.822 0.695 0.593  

Average ambient relative humidity [%] 

a 77.5  78.5 72 64 63 59 62  70.5 74  74.5 81 89 
b 33.16  25.85 26.42 34.93 42.36 49.65 56.24  68.03 65.91  55.66 38.17 36.14 
c 59.4  52.57 49.74 43.63 41.62 46.54 55.25  58.85 58.58  56.96 61.08 62.59  

Fig. 4. Monthly ambient temperatures 
(Tamb) and monthly greenhouse temperatures 
(Tgh) calculated for four cooling configura-
tions. a) simple fan ventilation (fan); b) 
conventional evaporative cooling using a fan 
(to draw air through an evaporative cooling 
pad) and an evaporative cooling pad 
(fan+evap), c) system composed of a fan (to 
draw air through a dehumidifier), a dehu-
midifier and an evaporative cooling pad 
(fan+evap+dess) and d) the proposed system 
with only a dehumidifier and a multi-stage 
nanofiltration regenerator (closed: fan+-
dess). Cases a, b and c are illustrated in a 
previous paper [1]. Case d) shows the results 
for the seventh (last and convergent) model 
iteration. Case d) is illustrated in Fig. 1. 
These results are regarding hot and humid 
climates (such as Mecca, Saudi Arabia).   

Fig. 5. Monthly coefficient of performance (COP) for the proposed system (closed: fan+dess) which uses a 9-stage nanofiltration (NF) regenerator (values on the left 
y-axis) and monthly power requirement of the 9-stage NF regenerator [kWel] (values on the right y-axis). The results are regarding hot and humid climates (such as 
Mecca, Saudi Arabia) for a 250 m2 greenhouse. 
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important. 
The values of the constant parameters used in this study are sum-

marised in Table 1. The values regarding the greenhouse dimensions and 
materials are based on typical greenhouses, taken from Davies [1]. The 
values for the maximum monthly solar radiations, maximum monthly 
ambient temperatures and average monthly ambient relative humidities 
for Mecca (hot and humid), Timbuktu (hot and arid) and Cairo (semi-hot 
and semi-arid) are shown in Table 2. The weather data was taken from 
TRNSYS® software (which generates the weather data using Meteonorm 
version 5.0.13). 

Fig. 6. I) Monthly greenhouse temperatures (Tgh) [◦C], II) monthly greenhouse relative humidities (RHgh) [%], and III) monthly greenhouse humidity ratios (ωgh)

[gv/kga] considering: LD temperatures (TLD) of 25, 30 and 35 ◦C. These results are regarding hot and humid climates (such as Mecca, Saudi Arabia) for the proposed 
system (closed: fan+dess). 

Fig. 7. I) Monthly greenhouse temperatures (Tgh) [◦C], II) monthly greenhouse relative humidities (RHgh) [%], and III) monthly greenhouse humidity ratios (ωgh)

[gv/kga] considering: LD mass flows (ṁLD) of 10, 20 and 30 kg/s. These results are regarding hot and humid climates (such as Mecca, Saudi Arabia) for the proposed 
system (closed: fan+dess). 

Table 3 
Results for the electric power requirement of the 9-stage NF regenerator (Psystem) 
[kWel] and the specific work (WSP) [kJ/kg] considering LD mass flows of 10, 20 
and 30 kg/s.  

ṁLD [kg/s] Psystem [kWel] WSP [kJ/kg] 

10  7.051  378.9 
20  6.212  309.6 
30  5.334  281.8  

Fig. 8. I) Monthly greenhouse temperatures (Tgh) [◦C], II) monthly greenhouse relative humidities (RHgh) [%], and III) monthly greenhouse humidity ratios (ωgh)

[gv/kga] considering: sink temperatures (sink T) of 30 and 26 ◦C. These results are regarding hot and humid climates (such as Mecca, Saudi Arabia) for the proposed 
system (closed: fan+dess). 
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4. Results 

The monthly greenhouse internal temperatures (Tgh) were calculated 
using the equations shown in the Modelling section (Fig. 4). Tgh is 
different for the four technologies, namely fan, fan+evap, fan+evap+dess 
and closed: fan+dess, corresponding to differing equations to calculate 
Tcool. These results were calculated using maximum solar radiations, 
maximum ambient temperatures and average relative humidities for hot 
and humid conditions (such as Mecca, Saudi Arabia). For closed: fan+-
dess, Fig. 4 includes results for the seventh (i.e. final and convergent) 
model iteration. 

Regarding the COP, this remains between 11.9 and 13, with an 
average of 12.4 during the year (Fig. 5). The COP depends on the power 
requirement of the 9-stage NF regenerator (PNF), which has a maximum 
of 6.212 kW (Fig. 5). The COP is calculated using maximum solar ra-
diations which represent the worst conditions for the greenhouse. On the 
other hand, maximum solar radiations allow the PV collectors to pro-
duce the achievable power. 

The results of Figs. 4 and 5 were calculated for the main case study 
which uses CaCl2 with a mass flow of 20 kg/s, concentration of 15 wt% 
and temperature of 30 ◦C. The LD temperature is an important param-
eter that can affect the greenhouse conditions. Therefore, three LD 
temperatures of 25, 30 and 35 ◦C have been considered and the results 
for the monthly Tgh, RHgh and ωgh are shown in Fig. 6. 

Other parameters with a significant effect are the LD mass flow, the 
sink temperature and the fraction of roof area covered by PV collectors 

(β). Regarding the LD mass flow, the monthly Tgh, RHgh and ωgh are 
shown in Fig. 7 for LD mass flows of 10, 20 and 30 kg/s. 

Lower Tgh and RHgh can be achieved with higher LD mass flows, but 
Tgh and RHgh change marginally between LD mass flows of 20 and 30 kg/ 
s. Since a LD mass flow of 30 kg/s would be hard to achieve at the 
dehumidifier, the LD mass flow of the main case study was therefore set 
to 20 kg/s. The results for the three investigated LD mass flows regarding 
the electric power requirement of the 9-stage NF regenerator (Psystem) 
[kWel] and the specific work (WSP) [kJ/kg] are summarised in Table 3. 

Regarding the sink temperature, this study considers a sink tem-
perature of 30 ◦C which is the maximum temperature of the red sea near 
Mecca. The sink temperature is important as lower sink temperatures 
allows lower Tgh. Fig. 8 shows the results for the monthly Tgh, RHgh and 
ωgh having sink temperatures of 30 and 26 ◦C. The sink temperature of 
26 ◦C is arbitrary and was selected as a temperature below 30 ◦C to 
compare with the sink temperature of 30 ◦C. 

Regarding the effect of β, this study considered a β of 0.5, but the 
theoretical ideal minimum β for single-band gap PV collectors would be 
0.15 [58]. The Tgh increases by 3 ◦C by decreasing β from 0.5 to 0.15 
(Fig. 9). Since β of 0.5 can maintain the Tgh below 32 ◦C (maximum 
allowable), β of 0.5 was selected for this study. 

Finally, the effect of the climate is also investigated. The main case 
study climate is hot and humid (like Mecca, Saudi Arabia), but the same 
greenhouse model was evaluated for hot and arid (like Timbuktu, Mali) 
and semi-hot and semi-arid climates (like Cairo, Egypt). Fig. 10 shows the 
monthly Tgh for these other two climate types. 

5. Discussion 

In hot and humid climates, such as Mecca, the technology using only a 
fan (fan) does not provide any cooling; thus Tgh is equal to the ambient 
temperature. The addition of an evaporative cooling pad (fan+evap) 
achieves a temperature drop of ~ 5.8 ◦C compared to the fan only during 
summer; while the addition of both an evaporative cooling pad and a 
dehumidifier (fan+evap+dess) achieves a temperature drop of ~ 8.9 ◦C 
compared to the first option (fan) during summer (Fig. 4). The proposed 
LDAC system, operating in closed recirculation with only a dehumidifier 
(closed: fan+dess), can attain even lower temperatures, having Tgh ~ 
4 ◦C lower than the fan+evap+dess technology during summer. 

The system was evaluated under variation of different parameters, 
including LD properties, sink temperature, and fraction of greenhouse 
shaded by PV collectors (β). Regarding the LD temperature, LD tem-
peratures of 25, 30 and 35 ◦C were considered. Lower LD temperatures 
are preferred because they allow lower Tgh and RHgh to be attained 
(Fig. 6). The LD mass flow was also investigated, with higher LD mass 
flows attaining lower Tgh and lower RHgh (Fig. 7). If the rejections of the 
membranes were held constant, higher LD mass flow would result in 

Fig. 9. Monthly greenhouse temperatures (Tgh) [◦C] calculated for fractions of 
roof area covered by PV collectors (β) of 0.5, 0.3 and 0.15. These results are 
regarding hot and humid climates (such as Mecca, Saudi Arabia) for the pro-
posed system (closed: fan+dess). 

Fig. 10. Monthly ambient temperatures and monthly greenhouse temperatures (Tgh) calculated for four cooling configurations, as labelled in Fig. 4, considering 
weather conditions of I) hot and arid climate (like Timbuktu, Mali) and II) semi-hot and semi-arid climate (like Cairo, Egypt). 
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higher power requirement for the multi-stage NF system, because the 
power of the pumps is proportional to the mass flow. In practice, how-
ever, higher LD mass flow would require higher membrane rejections (to 
maintain the same overall moisture removal rate) which would decrease 
the flow recirculation rates of the multi-stage system, and thus decrease 
the power requirement of each pump. Consequently, higher LD mass 
flow decreases the electric power requirement and the specific work of 
the NF regenerator (Table 3). 

Regarding the efficiency of the system for the main case study (CaCl2 
with a mass flux of 20 kg/s, a temperature of 30 ◦C and a concentration 
of 15 wt%), this reached an average COP of ~ 12.4 (Fig. 5), Tgh below 
32◦C, and RHgh 90% during the year. This value approaches the ideal 
maximum of 14.33 according to Lefers et al. [9]. A COP of 12.4 is 
significantly higher than the experimentally obtained with open evap-
orative solar regenerators, where values of only 0.3–0.5 were reported 
[46]. Moreover, commercial chillers using vapour compression have 
COP values between 2.5 and 4.3, depending on the design category 
[59–61]. This means the proposed system using a multi-stage NF 
regenerator could allow COP values three times higher than these 
commercial technologies. 

Though a 9-stage NF system may be complex and expensive, there is 
potential to reduce the number of stages with more robust NF mem-
branes. The 9-stage system using an applied pressure of 40 bar for the NF 
membranes would require at most 6.212 kW to regenerate CaCl2 with a 
concentration of 15 wt%, achieving a specific work of 309.6 kJ/kg. If the 
NF membranes could withstand a pressure of 55 bar, then a 4-stage 
regenerator would require at most 6.274 kW, with a specific work of 
312.6 kJ/kg, while maintaining the same COP as the 9-stage regener-
ator. A burst pressure of 55 bar is reasonable since commercial RO 
membranes have burst pressures of 83 bar [28,29]. Thus, research 
regarding the fabrication of NF membranes with higher burst pressures 
could decrease the number of stages, the cost and the size of the 
regenerator. The reason the 4-stage regenerator would require slightly 
more power than the 9-stage regenerator is because the 4-stage regen-
erator could operate with higher rejections, resulting in an overall 
circulated flowrate slightly higher than in the 9-stage regenerator. 

Regarding the effect of the sink temperature, this study considered a 
sink temperature of 30 ◦C (maximum Red Sea temperature during the 
year), but lower sink temperatures would result in lower Tgh (Fig. 8). A 
sink temperature of 26 ◦C could obtain Tgh of 3.6 ◦C lower than the sink 
temperature of 30 ◦C. 

Regarding the effect of β, this study considered a β of 0.5 with a PV 
efficiency of 18 %. For β = 0.5, the PV collectors produce from 15.7 to 
23.6 kW considering monthly maximum solar radiations. Since the 
maximum power of the multi-stage NF regenerator is only 6.212 kW 
(Fig. 5), the PV collectors can produce more power than required by the 
multi-stage regenerator. However, lower β results in Tgh above the 
allowed maximum of 32◦C because of lack of shading(Fig. 9), so this 
oversized PV collector is preferred. Excess electricity can be exported to 
the grid or stored in batteries for local use; for example, it may be helpful 
in maintaining system operation under transient conditions such as 
passing clouds. Another option is to use a lower PV collector area 
together with passive shading to achieve 50 % of overall shading and 
thus maintain the greenhouse temperature <32◦C. 

Theoretically, β=0.15 is the minimum for ideal single-band gap PV 
collectors [58]. Although β of this study is higher than the ideal, future 
improvements in PV technology, such as higher PV efficiencies (ηPV) or 
selective PV cells, could lower β to values close to this ideal. Higher ηPV 
would capture the same solar energy with a smaller PV area, while se-
lective PV cells that reject the infrared radiation would provide a lower 
greenhouse temperature. The infrared radiation makes up half of the 
total incoming radiation but, since infrared radiation is rejected by the 
crops [5], it only increases the greenhouse temperature. Therefore, se-
lective PV cells would be a major improvement for greenhouse 
applications. 

Based on the second law of thermodynamics, a regeneration system 
driven by a generic solar thermal collector could provide cooling with β 
= 0.367 [58]. However, experimental studies regarding open-type solar 
LD regenerators found that β up to 4 is required depending on the 
climate [12]. Closed-type solar LD regenerators have also been investi-
gated for LD regeneration and are expected to be more energy efficient 
[62]. For example, Yang and Wang [63] investigated a closed-type solar 
collector coupled with an evaporator to regenerate a concentrated LiCl 
solution. Although their study did not calculate β (as they did not 
investigate greenhouses), a comparison can be made based on the 
evaporated water, which was 2.7 times higher than the open-type solar 
LD regenerator mentioned earlier [12]. Thus, closed-type solar LD re-
generators could require a β of ~ 1.5 (but would also require water for 
the evaporator), which is still much higher than the value calculated for 
the NF regenerator. Therefore, this study shows that a multi-stage NF 
regenerator makes the system more compact, as the required β is several 
times lower compared to conventional solar regenerators using both 
open and closed collectors. 

The effect of climatic conditions is mitigated by the greenhouse 
closed air recirculation. Thus, the system can maintain the monthly Tgh 

below 32 ◦C independently of the climate type (Fig. 10). During winter, 
in a semi-hot and semi-arid climate (such as Cairo), fan+evap and 
fan+evap+dess achieves lower Tgh than the proposed system (closed: 
fan+dess) during winter. This is because the Tamb is lower than the sink 
temperature (assumed equal to 30 ◦C). Therefore, the proposed LDAC 
system is advantageous when Tamb is above the sink temperature. During 
summer for semi-hot and semi-arid climates and during winter for the hot 
and arid climates (such as Timbuktu), fan+evap and fan+evap+dess 
attain lower temperatures than the proposed system (closed: fan+dess). 
This is because the evaporative cooling pad achieves low Tgh when 
operated with low RHamb. Nonetheless, the evaporative cooling pad has 
high water demands. Based on energy balance equations in the evapo-
rative cooling pad, 10.36 L of water evaporate daily during winter for 
every m2 of greenhouse [L/(m2 day)] (considering an inlet water tem-
perature of 30 ◦C and an evaporative cooling pad effectiveness of 0.8). 
During summer, this value increases to 20.72 L/(m2 day). Since the 
water supply must be higher than the rate of evaporation, the evapo-
rative cooling pad would require at least 12 L/(m2 day) of water during 
winter, and 24 L/(m2 day) during summer. In practice, the flowrate 
would need to be even higher to avoid scaling and clogging of the 
evaporator pad (depending on the composition of the feed). Therefore, 
the proposed system could include an evaporative cooling pad and 
attain lower monthly Tgh for climates like Timbuktu and Cairo, but the 
water demand would be a problem for water-scarce locations. 

A conventional greenhouse requires water for the evaporative cool-
ing pad and for irrigation. The proposed LDAC design eliminates the 
need for the former because the LD is cooled using seawater (for 
example, using a liquid-to-liquid heat exchanger). Regarding the 
requirement for irrigation, this is typically close to the crop transpiration 
rate. LDAC also eliminates this requirement because the evaporated 
moisture from the crops is absorbed by the LD, collected as the permeate 
of the multi-stage NF regenerator, and used for irrigation. Consequently, 
the proposed system saves at least 16.8 L/(m2 day) of water during 
winter, and 30.6 L/(m2 day) during summer. 

6. Conclusions 

A novel LD regeneration system based on a multi-stage NF regener-
ator for a closed air recirculation greenhouse has been modelled. The 
novelty is the utilisation of NF membranes to remove the absorbed 
moisture from the LD in LDAC applications. This moisture can be 
recovered as the permeate of the multi-stage NF regenerator and used 
for irrigation. In contrast, open evaporative regenerators waste the 
moisture as they evaporate it to the atmosphere. 

This study has evaluated the performance of the system considering 
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variable LD properties, sink temperatures, shading fraction β, and 
climate type. The results show that higher LD mass flow, higher β, lower 
LD temperature and lower sink temperature are better at maintaining 
the greenhouse in the optimal temperature range (27–29 ◦C [1]) and 
relative humidity range (70–90 % [5]) of typical greenhouse crops. 

The proposed LDAC system is particularly advantageous in a hot and 
humid climate where the ambient temperature is above the sink tem-
perature. For this type of climate, LDAC achieves temperatures of ~ 4 ◦C 
lower than conventional open ventilated cooling technologies during 
summer. Compared with technologies using evaporative cooling, the 
proposed system saves 16.8 L/(m2 day) of water during winter, and 30.6 
L/(m2 day) during summer. 

For hot and arid and semi-hot and semi-arid climates, the proposed 
system performs worse than the technologies using evaporative cooling. 
Nevertheless, it maintains the greenhouse temperature below 32 ◦C for 
all three investigated climate types. The proposed LDAC system does not 
include evaporative cooling, so it does not require a water supply. In 
contrast, evaporative cooling has the disadvantage that it can only 
operate in water-abundant locations. 

For the main case study investigated here – which considers a 250 m2 

greenhouse using CaCl2 as the LD with a mass flow of 20 kg/s, a tem-
perature of 30 ◦C and a concentration of 15 wt% – the greenhouse 
temperature and relative humidity are maintained between optimal 
ranges for typical crops. This concentration of 15 wt% requires a 9-stage 
NF regenerator which has a maximum electric power requirement of 
6.212 kW, a specific work of 309.6 kJ/kg and a yearly average COP of 
12.4. The electric power requirement of the NF regenerator can be fully 

provided by PV collectors covering half the greenhouse roof area, while 
generating excess electricity for other purposes besides cooling. A 9- 
stage regenerator is required because commercial NF membranes have 
a burst pressure of ~ 40 bar [4,44–48]. However, NF membranes with 
burst pressures of 55 bar would give the same results using only 4 stages, 
decreasing the complexity, size and cost of the NF regenerator. Specif-
ically, the 4-stage NF regenerator would have a maximum electric power 
requirement of 6.274 kW, a specific work of 312.6 kJ/kg and a yearly 
average COP of 12.4. Therefore, the fabrication of more robust NF 
membranes with rejections of 10–40 % is an important topic for future 
research. 
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Appendix A. Equations to calculate ETc 

The equations to calculate the parameters of Eq. (25) are presented here; Eqs. (A.1)-(A.8) taken from Acquah et al. [64]. 

λ = 2501 − 2.361Tcool (A.1)  

Δ =
4042.9 × exp

(
23.57712 − 4042.9

Tcool+237.57

)

103(Tcool + 237.57)2 (A.2)  

VPD = 4042.9 × exp
(

23.57712 −
4042.9

Tcool + 237.57

)

×

(

1 −
RHcool

100

)

(A.3)  

ρAir =
105

287(Tcool + 273.15)
(A.4)  

rR =
103ρAir cp,Air

4×σS− B(Tcool + 273.15)3 (A.5)  

ra =
665

1 + 0.54UAir
(A.6)  

Rn = 0.0031Iτ[1 − exp( − 0.7LAI) ] (A.7)  

rc =
2

LAI(108.5 + 660 × exp( − 9I) )
(A.8)  

where UAir is the air speed [m/s], RHcool is the relative humidity of the cool air leaving the dehumidifier [%] and σS− B is the constant of Ste-
fan–Boltzmann equal to 5.67 × 10-8 W/(m2 K4). 

Appendix B:. Modelling of the dehumidifier 

The moisture absorption is a natural process which equilibrates the vapour pressures of the air and the LD, meaning that a higher dehumidification 
effectiveness is attained when the vapour pressure difference is high. For example, air at T = 30 ◦C and RH = 70 % has a vapour pressure (Pvap) of 
2.972 kPa. On the other hand, CaCl2 at temperatures of 25 and 35 ◦C and weight concentrations of 25 and 35 wt% has vapour pressures between 1.614 
and 4.235 kPa [65] (Table B.1). 

The dehumidifier model calculates the outlet conditions of the air and the LD as it follows: 
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(1) Fix the input conditions of the air and LD.  
– Air  
• ṁAir

in, mass flow of air entering the dehumidifier [kg/s]  
• TAir

in, temperature of air entering the dehumidifier [◦C]  
• RHAir

in, relative humidity of air entering the dehumidifier [-]  
• TAir

in and RHAir
in allow to calculate the enthalpy (hAir

in) and the absolute humidity (xAir
in)

• ṁd,Air
in, mass flow of dry air entering the dehumidifier [kg/s] 

ṁd,Air
in = ṁAir

in

(

1 −
1

10− 3xAir
in
+ 1

)

(B.1)    

• ṁv,Air
in, mass flow of moisture entering the dehumidifier [kg/s] 

ṁv,Air
in = ṁAir

in − ṁd,Air
in (B.2)    

– LD  
• ṁLD

in, mass flow of LD entering the dehumidifier [kg/s]  
• TLD

in, temperature of LD entering the dehumidifier [◦C]  
• wtLD

in, weight concentration of LD entering the dehumidifier [–] 

εdeh = − 0.0333
(
TAir

in − TLD
in)+ 0.9667 (B.3)  

(2) Calculate the effectiveness of the dehumidifier (εdeh). 

The proposed equation for εdeh gave results in agreement with a dehumidifier which was tested in an R&D greenhouse at KAUST (Saudi Arabia) and 
the experimental results of Koronaki et al. [66]. Future studies could improve the calculation of εdeh by also accounting for the geometry of the 
dehumidifier and other operating parameters.  

(3) Assume that the outlet LD temperature (TLD
in) is equal to the inlet temperature and calculate the outlet air temperature (TAir

out) as the mean 
temperature of the LD. This calculation is used by TRNSYS software [67] and agrees with Koronaki et al. experiments [66]. 

TAir
out = (TLD

out +TLD
in)/2 (B.4)    

(4) Assume that the outlet vapour pressures of the air (Pvap,Air
out
) and the LD (Pvap,LD

out
) are equal to their inlet Pvap,Air

in and Pvap,LD
in, respectively. 

The Pvap,LD is calculated based on [65] while Pvap,air as: 

Pvap,air = 4042.9 × exp
(

23.57712 −
4042.9

TAir + 237.57

)

×

(
RHAir

100

)

(B.5)  

(5) Start a while loop for ṁv going from 0 to ṁv,Air
in with an increment step ṁv,step. By increasing ṁv, the vapour pressures of the air and the LD 

change. The while loop is implemented until the vapour pressure difference becomes zero. Therefore, the while loop is as follows: while 
Pvap,LD

out < Pvap,Air
out  

(a) Assumption of the new moisture absorption rate [kg/s]: 

ṁv,new = ṁv + ṁv,step (B.6)    

(b) Calculation of the outlet flows of air (ṁAir
out
) and LD (ṁLD

out
): 

ṁair
out = ṁair

in − ṁv,step (B.7)  

ṁLD
out = ṁLD

in + ṁv,step (B.8)   

Table B.1 
Vapour pressure of CaCl2 (Pvap,CaCl2) [kPa] at temperatures of 25 and 35 ◦C and weight 
concentrations of 25 and 35 wt% based on Patil et al. [65].  

Pvap,CaCl2 [kPa]1 Temperature [◦C] 

Concentration [wt.%] 25 35 

25  2.365  4.235 
35  1.614  2.941  

1 If higher than the air, then the air will absorb moisture from the LD. 
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(c) Calculation of the new outlet LD weight concentration [wt.%]: 

wtLD
out =

ṁLD
in×wtLD

in

ṁLD
in + ṁv,new

(B.9)    

(d) Calculation of the outlet air absolute humidity [gv/kga]: 

xair
out = 103 ṁv,Air

in − ṁv,new

(ṁAir
in − ṁv,Air

in)
(B.10)    

(e) Knowing TAir
out and xAir

out, the enthalpy (hAir
out) and the relative humidity (RHAir

out) of the outlet air can be calculated. Then, the heat 
difference between the inlet and outlet air (QAir) [kW] is calculated as: 

QAir = ṁAir
inhAir

in − ṁAir
outhAir

out (B.11)    

(f) Calculation of the heat capacity of the inlet LD 
(
cp,LD

in) and outlet LD 
(
cp,LD

out). The heat capacity depends on the LD temperature and 
weight concentration. For CaCl2, this can be calculated using data from [68]. Then, the outlet LD temperature TLD

out [◦C] is calculated as: 

TLD
out =

QAir + ṁLD
incp,LD

in(TLD
in + 273.15)

ṁLD
outcp,LD

out − 273.15 (B.12)    

(g) Knowing TLD
out and wtLD

out, the outlet LD vapour pressure (Pvap,LD
out) can be calculated, based on [65]. 

(h) Calculation of the ideal outlet air temperature (TAir,id
out
) [◦C] and the real air temperature accounting for the effectiveness of the dehu-

midifier (TAir
out
) [◦C]. 

TAir,id
out = (TLD

out +TLD
in)/2 (B.13)  

TAir
out = TAir

in − εdeh(TAir
in − TAir,id

out) (B.14)    

(i) Knowing TAir
out and xAir

out the outlet air vapour pressure (Pvap,air
out) can be calculated. Note that TAir

out is called Tout
deh in the modelling 

section. Here it was renamed to distinguish it from TLD
out.  

(6) If Pvap,LD
out = Pvap,Air

out, end the while loop, if not, return to the beginning of the while loop. With this method, the outlet air temperature may 
converge to a certain value (Fig. B.1), but it may also never converge. When ṁLD

in is four times less than ṁLD
in, this method does not converge. 

Appendix C. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2022.119057. 

Fig. B.1. Example of convergence of the outlet air temperature from the dehumidifier.  
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